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ABSTRACT
With sports participation be it from children, teenagers, or adults; injuries will occur. In
2008-2009 an increase in high school sports participation was at an all-time high increasing to
just above 7.5 million. Within this population, knee injuries ranked 3rd, with anterior cruciate
ligament (ACL) injuries ranking 4th among all knee injuries. The purpose of this study was to
compare muscle activation of six lower extremity muscles in five different foot positions during a
single-leg squat in attempts to associate a certain foot position with an increase/decrease in
muscle activation, which could then be proposed as a risk factor for ACL injury. Three male and
three female subjects performed single-leg squats in neutral, and on inclines of five and ten
degrees to simulate pronation and supination depending on the slant of the board. No significant
differences were found in the muscle activity for any of the six muscles for a given foot position
(P<.05). Further evaluation, in terms of an increased number of subjects, to be able to obtain a
normal value to more appropriately interpret statistical evidence and standardizing the depth of
the single-leg squat, as muscle activation changes with the depth of a squat, should be done to
determine if significance does in fact exist.
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CHAPTER I
INTRODUCTION
Literature Review
In 2008-2009 greater than 7.5million students were involved in high school athletics. As
has been the trend for the previous 20 years, that number will likely continue to rise.1 With
athletic involvement, injuries are inevitable. In a summary report from 2008-2009 it was
estimated that roughly more than 1.2 million students sustained injuries. In that same report knee
injuries ranked third at 15% of all recorded injuries. Within the knee category, ACL injuries were
ranked 4th at 19% (17.3%males and 23% females).
To gain a better understanding of the possible reasons for injury, one must first
understand the framework. The joints of the human body are interconnected whether it be
directly or indirectly, so changing the mechanics of one joint has the potential to influence the
mechanics of another joint. As the ACL is located within the knee joint running from the anterior
intercondylar aspect of the tibia onto the posterior portion of the lateral femoral condyle it offers
stability of the knee joint in multiple planes by resisting anterior translation of the tibia, internal
rotation of the tibia and extension or hyperextension of the knee.2 This stability and the
interconnectedness of the body can be seen during pronation as the calcaneus is everted and the
talus is adducted and plantarflexed into the ankle mortise causing the leg to internally rotate,
inducing a valgus stress at the knee.2 This is important because a valgus directed force increases
the strain on the ACL, especially to those whose lower extremity already has a valgus alignment
at the knee.3 However, as will be discussed a pure valgus force may not be the only underlying
risk factor and also possibly not even the plane involved as a recent systematic review found that
38% of the studies reviewed found strictly a sagittal plane involvement.4
1

There have been numerous underlying risk factors behind the mechanism of non contact
ACL injuries; however, the exact mechanism remains inconclusive as researchers have speculated
over both intrinsic and extrinsic causes. Factors that have been linked to increasing the risk of an
ACL injury are (but not limited to) gender, neuromuscular control, knee flexion angle, valgus
forces ,age and hormone levels, size of the ACL, shape of the femoral notch, degree of pronation,
core stability, weather conditions, footwear, and center of mass.
A common proposed mechanism behind a non-contact ACL injury occurs when
excessive movement of the knee joint is allowed in multiple planes as the leg bears weight near
full extension when the subject decelerates. 4-6 In the sagittal plane, the quadriceps are producing
an anteriorly directed force that, if not counteracted by the hamstrings, subjects the ACL to higher
tensile forces. An increase in frontal and transverse plane movements (valgus and
internal/external rotation, respectively) adds to the multiplane component and furthermore
increases the tensile force on the ACL.
The slight discrepancy between males and females in Howards1 report on ACL injuries
(17.3% males and 23% females, respectively) poses gender as a highly speculated and researched
reasoning behind ACL injuries. It has been reported that females have anywhere from a 2 to 8
times greater likelihood to sustain an ACL injury than males.7 In a two-year study of high school
athletes across the country, compiling data from nine sports, the knee ranked second in total
injuries. Boys did have a higher injury rate; however, girls had higher rates of more severe
injuries. Girls were found to be twice as likely to become injured via a noncontact mechanism,
2.5 times more likely to completely tear a ligament versus partially tearing it, and twice as likely
to need surgery.8 In a retrospective study looking at non contact ACL injuries and leg dominance
in soccer (dominance being the kicking leg), 74.1% of males acquired an ACL injury on their
dominant leg compared to only 32% of females.9 This then leads one to question neuromuscular
control of the stance leg in females.

2

A lack of muscular control about the knee has been established as a risk factor for the
ACL. This is seen by an increased quadriceps contraction and a decreased hamstring contraction
resulting in anterior translation of the tibia. Research has led us to believe that females lack
neuromuscular control compared to their male counterparts. However, it has yet to be found with
100% certainty that one gender has superior neuromuscular control over the other. In comparison
to uninjured males, injured females had decreased hamstring strength; however no difference was
seen in quadriceps strength. Interestingly, in that same study uninjured females had no difference
in hamstring strength and decreased quadriceps strength compared to uninjured males.10
Hamstring EMG activity in men and women has been shown not to be significantly different
before or after a jump landing, with quadriceps EMG significantly higher in women. 11 Other
studies have shown hamstring activation to be decreased while the quadriceps remained
increased. 12 Co contraction of the thigh musculature was found to be reduced in women 13 with
that of the medial side being lower than the lateral side. 14 Reduced medial hamstring activation
and increased lateral quadriceps activation was found to be significant for ACL injury further
supporting the study by Palmeiri et al.14 15 Anderson et al13 also correlated stronger quadriceps to
a larger ACL. As the hamstrings act as an antagonist for the ACL, a decreased ratio, with the
quadriceps overpowering the hamstrings could pose a problem. Lack of hamstring support as a
risk factor is supported by the findings of Boden et al,5 with an increase in laxity seen in the
injured athletes group.
The amount of flexion as the leg comes into contact with the ground has been noted and
thought to increase the chance of an ACL injury, with that of a more extended leg being at higher
risk as the hamstrings are at a disadvantage to act and prevent anterior translation of the tibia.
Research has been inconclusive to this point to pinpoint an exact flexion/extension mechanism
based on gender. During peak proximal anterior tibial shear force, females were found to be at
risk upon landing after a jump forward as they showed an extension moment (males had a flexion
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moment).16 Increased risk was also seen in a sidestep and crosscut when females tended to have
decreased flexion angles.12 However , women have also been found to have a greater flexion
angle as compared to men,11 or to have no difference when compared to males. 17,18
The debate about ACL injuries likely occurring due to valgus forces or strictly sagittal
plane mechanisms remains inconclusive. Mclean et al19 found that sagittal plane loads were not
enough to cause the ACL to fail, but a valgus force was. However, 38% of studies from Quatman
et al4 review found that sagittal plane mechanisms were significant. At peak proximal tibia
anterior shear force when contacting the ground after a jump, women showed valgus moments
whereas men showed varus moments.16 Valgus was also noted as significant when compared to
males in sidestep and crosscut tasks.12 In a video analysis of injured athletes, a valgus motion
with internal rotation was seen shortly after initial contact, which supports a multiplanar
hypothesis, frontal and transverse.20
Hormone levels have also been associated with ACL injuries, as different phases of the
menstrual cycle have been linked to an increase in ACL injury. An increase in knee injury was
seen in the ovulatory phase.21 However, another study correlated increased ACL risk
predominately during the days preceding and succeeding menses when progesterone and estrogen
are both low.22 Ford et al23 conducted a one-year study following pubertal and postpubertal boys
and girls. During a drop vertical jump pubertal girls had a significant increase in peak abduction
angle while significance was not found in males. Postpubertal females and males did not have
changes in abduction angle, however females had a significantly greater peak knee abduction
moment when compared to their postpubertal male counterparts. ACL injuries of female elite
football players in Europe were found to be more than double that when compared to males and
of the injured, interestingly females were significantly younger. 24 Age and gender were also
looked at during a stop jump task with differences of decreased knee and hip flexion at landing as
compared to males. These differences occurred after 12 years and increased as the subjects aged
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until 16 years.25 These studies all seem to lean heavily towards age and hormones contributing a
great deal as risk factors for noncontact ACL injuries.
ACL width, area, and area/body weight were found to be significant when comparing
men to women, with men showing larger values. When this was compared to lean body weight, a
significant difference was not found.13 When comparing the ACL area to the persons height,
significance was found in men relating increase in ACL size with an increase in height. This was
shown not to be significant in taller women.13,26 Notch width also increased significantly in men
with an increase in height, this was not seen in women.13 When discussing notch width it has
been hypothesized by some that the shape of the femoral notch, and presence of a bone ridge on
the anteromedial wall can present differently when comparing genders and injured to not injured
subjects. Everhart et al27 found significance in the anterior and posterior aspects of the femoral
notch when comparing injured to non injured notch widths, however, significance was seen only
on the anterior aspect in men. The width of the bony ridge was significant in both men and
women when comparing injured to non injured. The authors found the most significance to a
noncontact ACL injury was the presence of a bony ridge and posterior notch width. Another
study found significance between males and females matched for height when comparing the
notch width, with that of the female being narrower. This was also seen when controlling for
weight and height.28 However, when this width was divided by the total condylar width no
significant difference was found.13,26
An increase in pronation, based on the navicular drop test, found significance in the
injured knee compared to the uninjured knee with that of the injured knee having a larger level of
pronation.2 However, a more recent study also measuring pronation based on the navicular drop
test found no relationship between the level of pronation and ACL injury.7 It has previously been
shown through electromyography (EMG) that pronation has a relation to an increase in invertor
EMG amplitude and subsequently a decrease in evertor muscle amplitude.29

5

Different weather conditions (dry), surfaces (artificial turf or rubber), and certain
footwear have all been linked to ACL injuries during sports that require cutting. The
aforementioned situations all produce a high shoe-surface coefficient of friction which alters body
mechanics. Dowling et al30 found during unfavorable weather conditions and surfaces that
participants displayed a decrease in knee flexion angle, an increase in valgus moment and an
increase in the medial distance of the center of mass from the stance limb of subjects during a
sidestep cut task. These alterations increase the chances to sustain an ACL injury. An anterior
displacement of the center of mass was found to decrease the knee extensor moment.31
In the study at hand, we investigated EMG activity of the tibialis anterior, lateral head of
the gastrocnemius, rectus femoris, biceps femoris, gluteus medius, and gluteus maximus. The
purpose of this study was to determine if promoting foot positions into two different angles of
pronation and two different angles of supination via a slanted board at five and ten degrees induce
differences in lower extremity muscle activation when compared with neutral foot alignment
while subjects perform a single-leg squat, in hopes to identify a relationship to one of the many
hypothesized mechanisms of injury to the anterior cruciate ligament.

6

CHAPTER II
METHODS
This project was reviewed and approved by the University of North Dakota Institutional
Review Board #IRB-201004-316 prior to the initiation of the study.
Subjects
Subjects were recruited from the students enrolled in the department of physical therapy
at the University of North Dakota (UND) campus. Six subjects volunteered for the study. There
were three men and three women with an average age of 23.83±2.14 years; range 22 to 28. (Table
1: Demographics) Participants were excluded if their age did not fall in the range of 18 to 30
years, if they had an acute lower extremity injury or were pregnant. Participation in this study
was voluntary. Prior to testing, subjects completed a lower extremity history and measurements
form (see appendix: Lower Extremity History/Measures Profile). Each subject attended one day
of testing on the UND campus in the Physical Therapy Department’s research room. Female
subjects wore shorts and sports bras while male subjects wore shorts. All participants were
barefoot. Prior to beginning, study subjects received a verbal explanation of the study, were
given an opportunity to ask any questions, and signed an informed consent before participating.
Instrumentation
Instrumentation for this study included motion analysis and electromyography hardware
and software. The Vicon motion analysis system with eight Vicon MX40 cameras (Vicon
Motion Systems Inc, Centennial, CO) was configured to obtain optimal data capture. The
cameras interfaced with the Vicon MXNet (Vicon) component for data collecting and storing on a
desktop computer (Dell Inc, Round Rock, TX). Data was displayed and processed using the
Nexus 2.1 core processing software (Vicon, Centennial, CO). The electromyography (EMG)
7

data collection was performed using self-adhesive pre-gelled EMG surface electrodes over the
motor points of the following muscles: gluteus maximus, gluteus medius, rectus femoris, biceps
femoris, anterior tibialis and the lateral head of the gastrocnemius. Figure 1 depicts these
electrode placements. The EMG data was collected through the Vicon system. Data analysis for
the raw EMG data was performed on a laptop computer (Hewlett Packard, Palo Alto, CA) using
Noraxon MyoResearchXP software (Noraxon, USA, Scottsdale, AZ).
Procedure
Prior to the initiation of the study, EMG and motion analysis equipment was set up and
tested by the researchers to ensure proper signal transmission and reception. The subjects were
tested one at a time in the Physical Therapy Department research room on the University of North
Dakota Campus in Grand Forks, ND.
Collection of EMG data required electrode site preparation, electrode placement,
connecting and testing the equipment. The electrode site preparation was performed in
standardized fashion including removing excess hair from the electrode site with an electric razor,
abrading the surface with 400 grain sandpaper, and wiping the area with isopropyl alcohol wipes.
Electrode placement was determined by using standard electrode placement charts (refer to
Figure 1).32 Standard silver/silver chloride electrodes were placed in a bipolar configuration at
the appropriate sites using an inter-electrode distance of one centimeter. Skin impedance was
assessed to be less than 5 kOhm using the Noraxon impedance analyzer (Noraxon, USA,
Scottsdale, AZ). The electrodes were connected to the Telemyo 990 transmitter that was placed
in a belt around the subject’s waist. The EMG signals were transmitted to the Telemyo 900
receiver and stored on a desktop computer. The raw EMG data were later analyzed per muscle in
neutral, and promoting 5 and 10 degrees of pronation, and 5 and 10 degrees of supination using
the MyoResearch XP software (NorazonUSA, Inc., Scottsdale, AZ).
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Figure 1. EMG placement32

Motion analysis data was collected using the Vicon MX40 cameras and Nexus
software. Eight MX40, visible light cameras were placed to record the complete movement of
each single leg squat for the five different foot positions of each subject. Self-adhesive, retro
reflective markers were placed bilaterally in a Helen Hayes marker configuration (refer to Figure
2).33 Briefly, markers were placed over the subject’s acromion, lateral epicondyle of the elbow,
distal radius and ulna, back of the hand, anterior superior iliac spine, posterior superior iliac
spine, greater trochanter, lateral femoral condyle, medial and lateral malleoli, and 5th metatarsal
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head. The raw data was captured at 100 frames per second and saved using Vicon Nexus
software. The raw data were smoothed using a butterworth filter and processed using the
Nexus software.

Figure 2. Helen Hayes Configuration for marker placement33,34

The dominant leg of each subject was determined by rolling a ball towards the subject
and observing which leg did not swing at the ball and remained in stance phase. The surfaces on
which the subjects stood to perform the single-leg squats were made from wood and measured to
meet the angles in question. A pillowcase was used as a sanitary barrier between subjects. Each
subject performed a warm-up, similar in content and number of repetitions while following the
10

pace of a metronome (Franz MFG, CO, Inc. 2000, New Haven, CT) at 30 beats per minute to
control for speed. Following the warm-up, subjects randomly drew cards that were associated
with a certain foot position. The order in which they drew the cards was the order of the varying
foot positions. The foot positions in question were neutral, five degrees promoting pronation, 10
degrees promoting pronation, five degrees promoting supination, and 10 degrees promoting
supination. Subjects performed three single-leg squats following the pace of a metronome starting
with neutral, then in random order determined by the drawing of cards. A total of 15 single-leg
squats on the subject’s dominant leg were performed for data collection. The data was collected
for the entire cycle of three single-leg squats for each foot position and stored in separate files.
All subjects performed each activity associated with this study. Following the completion of the
data collection, electrodes and motion analysis reflectors were removed from the subjects and the
areas were cleaned with an isopropyl alcohol soaked towel.
Statistical Analysis
A repeated measures analysis of variance (ANOVA) was used to determine if there was a
significant effect between gluteus maximus, gluteus medius, rectus femoris, biceps femoris,
anterior tibialis, and the lateral head of the gastrocnemius between foot positions by using EMG
activity on the dominant leg while the foot was in neutral, five degrees of pronation, ten degrees
of pronation, five degrees of supination and ten degrees of supination. Alpha level < 0.05.
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CHAPTER III
RESULTS
Mean, standard deviations, and range of values of the percent maximal voluntary
contraction for each muscle (anterior tibialis, lateral gastrocnemius, rectus femoris, biceps
femoris, gluteus medius and gluteus maximus ) are summarized in Tables 2-6, respectively.
There were no statistically significant differences (P<.05) in muscle activity in the five different
foot positions. (Summary in Table 8)

Table 1. Demographics
Age(years)
Weight (kg)
Height (cm)

Mean
23.83
71.13
171.33

SD
2.14
11.82
7.99

Range
22-28
56-85.6
161-184

Table 2. Differences between positions for anterior tibialis
Position
Mean
SD
Neutral
74.7
9.45
5o Pronation
67.61
36.06
10o Pronation
71.87
50.86
o
5 Supination
78.47
47.94
o
10 Supination
92.53
56.15

Range
62.1-88.3
7.58-119.0
21.8-169.0
12.4-150.0
38.7-191.0

Table 3. Differences between positions for lateral gastrocnemius
Position
Neutral
5o Pronation
10o Pronation
5o Supination
10o Supination

Mean
84.6
105.48
98.13
90.68
88.97

SD
4.41
39.8
29.9
21.7
37.8
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Range
76.5-89.3
54.1-168.0
66.1-140.0
61.9-115.0
53.9-161.0

Table 4. Differences between positions for rectus femoris
Position
Neutral
5o Pronation
10o Pronation
5o Supination
10o Supination

Mean
75.2
95.15
81.47
99.72
85.03

SD
6.60
43.48
22.21
53.46
22.56

Range
68.9-86.4
56.4-171.0
48.5-113.0
55.3-197.0
46.3-106.0

Table 5. Differences between positions for biceps femoris
Position
Neutral
5o Pronation
10o Pronation
5o Supination
10o Supination

Mean
84.52
97.25
78.18
99.03
92.13

SD
11.33
42.12
38.41
31.74
32.86

Range
73.7-104.0
58.1-158.0
38.7-137.0
58.4-135.0
53.6-137.0

Table 6. Differences between positions for gluteus medius
Position Mean
Neutral
5o Pronation
10o Pronation
5o Supination
10o Supination

SD
78.98
91.78
86.08
87.82
82.78

Range
8.20
31.31
24.11
19.65
19.33

64.5-89.6
67.1-144.0
59.5-129.0
67.3-121.0
58.5-112.0

Table 7. Differences between positions for gluteus maximus
Position
Neutral
5o Pronation
10o Pronation
5o Supination
10o Supination

Mean
72.8
91.85
81.08
89.85
86.38

SD
12.81
24.32
21.65
22.90
23.18
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Range
63.1-95.0
69.1-131.0
51.1-106.0
56.0-125.0
55.8-116.0

Table 8. Significant difference in each muscle between positions
Anterior Tibialis
Lateral Gastrocnemius
Rectus Femoris
Biceps Femoris
Gluteus Medius
Gluteus Maximus

P=0.415
P=0.570
P=0.385
P=0.498
P=0.587
P=.299
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CHAPTER IV
DISCUSSION
The intent of this study was to investigate differences between foot positions and muscle
activation during a single-leg squat, specifically if one position had a more profound effect on
activating a particular muscle. No significant differences were found in anterior tibialis EMG
activity between the five different foot positions. This statement holds true for lateral
gastrocnemius, rectus femoris, biceps femoris, gluteus medius, and gluteus maximus. A
limitation of this study was the lack of a standard squat. The subjects were told to perform a
single-leg squat; however that value was not quantified to a specific degree. As the degree to
which a muscle is activated is affected by the depth of the squat, a standardized squat should be
utilized in further studies. Another limitation is the lack of participants. This hindered the data
analysis and the possibility of finding significance among foot positions. A continuation of this
study with an increase in subjects is suggested. With an increase in participants a gender
breakdown would be interesting and beneficial; as was previously discussed there are gender
discrepancies when interpreting ACL injury data. The study at hand examined ACL injuries
through a bottom-up direction--, whether changing foot placement increased or decreased ACL
risk factors. However a top-down approach can also be investigated, as trunk and hip control
have been seen to decrease risk to the ACL. As mentioned previously anterior displacement of
the center of mass was found to decrease the knee extensor moment.31 In a stop-jump landing Yu
et al35 found that active hip flexion at landing appeared to help unload the ACL. A decrease in hip
flexion was also seen in female ACL-injured athletes when compared to female controls.17 These
studies contribute to proximal explanations for ACL injuries, versus the distal approach at the
foot.
15

More so than not, studies have linked females as being more prone to non-contact ACL
injuries. The main points being that females have shown to have decreased knee flexion, hip
flexion, hip abduction, hip external rotation, increased knee internal rotation, quadriceps
activation, and decreased hamstring activation after landing. 36 Other factors include valgus
force,12,20 a narrower femoral notch, 28 age, and hormones.21-25 On the other hand, as was
discussed earlier, some of these factors have been shown not to be characteristics limited to
females. To be able to pinpoint the ultimate exact reason for ACL injuries is like trying to find a
needle in a haystack; one may be close to finding it, but then another factor comes into play, or
perhaps it is found based purely on chance. But is that not another reason why ACL injuries
occur, a chance event; someone was in the wrong place at the wrong time? There are many ways
to view ACL injury occurrences, top-down, bottom-up, intrinsic, extrinsic or chance event; but
whichever approach is taken, the outcome is still the same.
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APPENDIX
LOWER EXTREMITY HISTORY/MEASURES PROFILE
Lower extremity Injury and/or surgery history (include injury and/or surgery type and date and on
which side it occurred [left or right])
______________________________________________________________________________
___

______________________________________________________________________________
_______
Gender: M

F

Pregnant:

yes

no

Date of last menstrual cycle (date flow began)_____________________

MEASUREMENTS

Age:

Dominant limb (stance limb):

Height (cm):

Weight (kg):

General joint laxity (Beighton score):

Leg length (cm):

Pelvic angle (°):

Hip anteversion angle (°):

Femur length (cm):

Tibia length (cm):

Femur to tibia length ratio:

Tibiofemoral angle (°):

Standing Q angle (°):

Knee valgus/varus (°):

Genu recurvatum (°):

Knee ligament stability (KT1000) (mm):

Tibial torsion (°):

Standing rearfoot angle (°):

Navicular drop (mm):
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